The roughness of the electronic interfaces of p-n GaAs multilayers is investigated by cross-sectional scanning tunneling microscopy. Two physically different contributions to the roughness are found, both much larger than the underlying atomically sharp ''metallurgical'' interface. The roughness arises from the individual electrostatic screening fields around each dopant atom near the interface and from a clustering of dopant atoms. The latter leads to charge-carrier-depleted zones extending locally through the entire nominally homogeneously doped layer for layer thicknesses close to the cluster dimension, hence limiting the precision of the spatial and energetic positioning of the Fermi energy in nanoscale semiconductor structures.
The functionality of semiconductor devices depends critically on the ability to spatially control the energetic position of the Fermi energy with high precision. This is frequently accomplished by a suitable incorporation of proper dopant atoms yielding the desired differently doped layers or sections in the device structure. With continuing miniaturization, however, the interfaces ͑and their roughness͒ between these differently doped areas will eventually govern the device properties once nanometer dimensions are reached. Particularly decisive will be the ''electronic'' interfaces defined by the position of the Fermi energy and not the underlying ''metallurgical'' interfaces, where the dopants change.
The direct imaging and quantitative investigation of such electronic interfaces, however, turned out to be a difficult task: Using electron holography it has been possible to probe the electrostatic potential variation between p-and n-doped layers, 1-3 but extracting quantitative values is still a hurdle and the resolution is limited to 10 nm. Therefore, it is not possible to distinguish the effects of dopant diffusion, dopant cross incorporation, or the spatial distribution of dopants, nor can the properties of the electronic interface be directly correlated with the dopants, all of which are crucial physical ingredients of a further miniaturization of devices. Other techniques, such as secondary-ion-mass spectroscopy or scanning capacitance microscopy, 4 did not solve these particular limitations either. In order to extract the physics governing the electronic interfaces between differently doped layers, one needs to be able to probe with atomic resolution the individual dopant atoms as well as electronic and geometric properties of the semiconductor structures simultaneously. In principle this can be achieved by using crosssectional scanning tunneling microscopy ͑STM͒, which can image individual dopant atoms 5 as well as interfaces. 6 However, electronic interfaces and the correlation of their properties with dopant atoms have not been addressed yet.
In this paper we demonstrate a successful atomically resolved electronic interface identification, roughness mapping, correlation with the local dopant atom distribution, and association with local Fermi energy positions by investigating GaAs p-n multilayers using cross-sectional scanning tunneling microscopy and spectroscopy. We find that the electronic p-n interface exhibits a much larger roughness than the underlying essentially perfect metallurgical interface, due to long-range electrostatic screening effects of individual dopant atoms near the interface and due to a clustering of dopant atoms. The clustering and the inherently connected local lack of dopant atoms give rise to charge-carrier depletion zones extending locally through entire nominally homogeneously doped layers once their thickness is close to the cluster dimensions.
We investigated a model structure consisting of molecular beam epitaxy grown p-n GaAs͑001͒ multilayers, each with a nominal thickness of 30 nm and dopant atom concentrations of (5Ϯ1)ϫ10 18 and (4Ϯ1)ϫ10 18 cm Ϫ3 for carbon and silicon, respectively. We cleaved these samples in ultrahigh vacuum (1ϫ10 Ϫ8 Pa) along a ͕110͖ plane, exposing a crosssectional view of the multilayer structure on the cleavage surface. This cross section has been directly imaged by scanning tunneling microscopy without breaking the vacuum. Figure 1͑a͒ shows a large-scale cross-sectional STM overview of several p-and n-doped layers. An atomically resolved image is shown in Fig. 1͑b͒ . There are several features visible in the STM images: First, the four bright lines in Fig. 1͑a͒ marked by black arrows are monoatomic high steps arising from the cleavage of the samples. They are not of interest here. Second, the p-and n-doped layers are separated by lines with a darker contrast, whereas the doped layers themselves have both a brighter contrast. Under the particular tunneling conditions used, the contrast of the p-doped layers is slightly brighter than the contrast of the n-doped layers. We achieved an unambiguous identification of the nand p-doped layers on basis of the growth sequence, complementary secondary ion mass spectra, and tunneling spectra exhibiting the typical p-and n-type characteristics ͑see the open symbols in Fig. 2͒ . due to the reduced charge-carrier concentration in the depletion zone. 9 The depletion zone marks the transition of the Fermi energy from close to the valence-band edge in p-type material to close to the conduction-band edge in n-doped material. Therefore, we define the electronic interface between p-and n-doped layers as the plane where the Fermi energy is at midgap position. The center of the dark lines in Fig. 1 corresponds to the spatial position of this electronic interface, which is not identical with the metallurgical interface ͑indicated by dashes in Fig. 1͒ , where the doping changes from C As to Si Ga , or vice versa.
In fact the metallurgical interface can be directly seen in Fig. 1 , because the individual bright hillocks with about 3 to 5 nm diameter, visible in p-doped layers as well as n-doped layers, are the signatures of negatively charged C As and positively charged Si Ga dopant atoms, respectively. 5 Their contrast is given by the image of the screened Coulomb potential, 10 which arises from the screening of the dopant charge by free charge carriers. The atomic position of the dopant atom is in the center of the bright hillocks. Note a quantitative analysis of the dopants' positions identified in high-resolution STM images showed no evidence for intermixing or cross-incorporation pointing to a sharp metallurgical interface.
Although the metallurgical interface is in our case very sharp, the electronic interface appearing as dark lines exhibits a much larger roughness. Figure 1͑b͒ shows that the depletion zone circumvents each individual dopant atom near FIG. 1. Large scale ͑a͒ and atomically resolved ͑b͒ cross-sectional scanning tunneling microscopy images of multiple p-and n-doped GaAs layers marked p and n, respectively. The growth direction is from left to right. The bright lines marked by black arrows in frame ͑a͒ are monoatomic steps. The height difference between the terraces has been removed by a high pass filter. The bright hillocks marked by Si Ga and C As arise from individual dopant atoms. The dark lines between the p-and n-type layers are the signatures of the depletion zone at each p-n interface, and show the position of the electronic interface. Note its pronounced roughness and its correlation with the dopant atoms. All the contrast visible ͑except the steps͒ is electronic and not due to geometric deformations of the surface. Both images were acquired at Ϫ2 V tunneling voltage and 0.1 nA current, and show the occupied density of states.
FIG. 2. Scanning tunneling current-voltage spectra acquired in
the p-type layer ͑ᮀ͒, the n-type layer ͑᭝͒, the interface depletion zone between p-and n-type layers ͑᭹͒, and the depletion zone extending through the p-type layer due to the clustering of dopants ͑᭢͒. The spectra are all corrected to a constant tip-sample distance in order to allow proper comparison. the interface. Undoubtedly each dopant atom near the interface causes a short range meandering of the electronic interface on the scale of 2-5 nm. A careful inspection of large scale STM images reveals a further contribution to the interface roughness on a longer length scale, leading to the electronically wide and narrow layers ͓see examples marked in Fig. 1͑a͒ by white arrows͔.
In order to quantify the amplitude and correlation length of the two different roughness contributions, we computed the power spectral density, G (k)ϭ͉Ã (k)͉ 2 , on basis of the deviation from mean of the interface lines A(x) visible in the STM images, with Ã (k) being the discrete Fourier transform of A(x).
11,12 Figure 3 shows the results for the p-n and n-p interfaces. Two separate frequency ranges are visible, one at small k values with a large slope and another one at large k values with a smaller slope. We first concentrate on the latter one, which exhibits a clear exponential decay characteristic for all our interfaces. The exponential decay G (k) ϭab Ϫ1 e Ϫb•k corresponds to a Lorenzian functional dependence of the real-space autocorrelation function G(x) ϭa/(x 2 ϩb 2 ). Where (a/b 2 ) 0.5 and b are the amplitude ͑equivalent to root mean square roughness͒ and the correlation length of the interface roughness, respectively.
The entire data sets in Fig. 3 can be well described by two exponential decays, confirming our above observation of two different contributions to the roughness. We extracted the corresponding values for the amplitudes and the correlation lengths from the fits shown as lines in Fig. 3 . For large k values the amplitudes are 1.5Ϯ0.3 and 1.2Ϯ0.2 nm, and the correlation lengths are 2.9Ϯ0.5 and 2.9Ϯ0.5 nm for the p-n and n-p interfaces, respectively. For small k values we obtained 2.2Ϯ0.5 and 2.7Ϯ0.4 nm as amplitudes and 26Ϯ8 and 23Ϯ5 nm as correlation lengths, respectively. No difference between p-n and n-p interfaces can be observed within the error margin. The excellent fit to the data can be understood in terms of a smooth meandering of the interface circumventing the dopant atoms as visible in Fig. 1͑b͒ . This is best described in real space by the above-used Lorenzian function. We emphasize that the roughness amplitudes and correlation length obtained here for the doping interfaces are about one order of magnitude larger than those typically found for heterojunction interfaces consisting of different compounds, 11, 13, 14 because the latter probe primarily the metallurgical interface. Furthermore, the functional dependence found in Fig. 3 differs from those found for heterojunction interfaces consisting of different compounds. 11, 13, 15 This again is due to the different physical origin of the interfaces ͑electronic versus metallurgical͒.
At this stage we discuss the origin of the two contributions to the roughness of the electronic interface. First, the STM images show that the roughness with correlation lengths of about 3 nm and amplitudes of about 1.5 nm can be correlated to the meandering of the electronic interface around the individual dopant atoms. Note that the meandering is on the same scale as the spatial extension of the charge screening clouds around each individual dopant atoms ͑the bright area of each dopant atom͒. This suggests that the screening length of the screened Coulomb potential around the individual charged dopants governs the roughness. The screening length at room temperature for doping levels close to 5ϫ10
18 cm Ϫ3 is about 1.5 nm. 16, 17 This is in good agreement with the roughness values, and corroborates the importance of the charge screening in the meandering of the electronic interface at short distances.
Second, the physical origin of the long range contribution to the roughness can be perhaps best discussed using Fig.  1͑b͒ . The STM image shows that the dopant atoms within the nominally homogeneously doped layers exhibit large variations in concentration. In this particular image one can observe a cluster of C As dopant atoms. Above and below are areas locally free of dopant atoms. Consequently the clustering is the origin of the long-range roughness of the interfaces with a correlation length of 25 nm and an amplitude of 2.5 nm.
The clustering affects also the electronic properties. The example of Fig. 1͑b͒ shows that the presence of the dopant cluster locally enlarges the electronic p-type layer, whereas the lack of dopant atoms nearby leads to a completely depleted zone extending locally through the entire p-type layer. The spectrum shown as solid triangles in Fig. 2 show that these areas indeed exhibit a full depletion identical to that of the depletion zone at the p-n interfaces. Thus the Fermi energy is near midgap and not near the valence-band maximum as intended. Clearly the clustering of the dopant atoms causes the Fermi energy to vary strongly within the nominally homogeneously doped layers.
In conclusion, we presented a methodology to identify and investigate electronic interfaces with atomic resolution and correlate their properties with individual dopant atoms. Electronic interfaces between p-and n-doped layers in GaAs   FIG. 3 . Power spectral density of the electronic p-n ͑᭹͒ and n-p ͑᭺͒ GaAs interfaces obtained from STM images, as seen in Fig. 1 . Each data set is fitted to a sum of two exponentials representing two scales of roughness found in each interface type. The solid ͑dashed͒ line is a fit to the data of the p-n ͑n-p͒ interface.
exhibit a very large roughness arising from the discrete nature of the screening fields around individual dopant atoms and from the clustering of dopant atoms in nanoscale dimensions. Tied to this roughness are strong local variations of the Fermi energy. These can lead to failures of nanoscale semiconductor devices. 
